Electric multipole transitions between multi-quasiparticle states with different shapes are formulated within Nilsson-BCS model. As a specific case, we investigate the transition from the oblate I = 49/2 + to the spherical I = 45/2 + observed in 147 Gd. The transition rate is shown to be very sensitive to the difference in deformations between the initial and final states. To explain the observed transition rate, it is necessary to mix a well-deformed oblate-shape state into the spherical I = 45/2 + state.
§1. Introduction
Electromagnetic transitions between quasiparticle states are very useful tools for studying nuclear structure in a wide range of nuclei including deformed nuclei. It is particularly interesting to study the electromagnetic transition between the states with different shapes. Recently, many properties have been studied in high-spin isomers (HSIs) in rare-earth nuclei. 1) The level structures have been analyzed in various models, among which, the deformed independent particle model (DIPM) 2) shows reasonable success in describing the observed excitation energies of these isomers, assigning deformation and configuration to each level. Most analyses so far have been based on energy levels and electromagnetic moments. The electromagnetic transitions between the states, however, have not been quantitatively studied using microscopic models. One of the main difficulties is that the study involves the evaluation of matrix elements between the states of different deformations.
Odahara et al. 1) pointed out that the mixture of states of different shapes is important in explaining the observed transition rates in some transitions in HSIs. In particular, in the E2 transition from I = 49 2 + to 45 2 + in 147 Gd, they concluded that spherical-oblate shape mixture can account for the observed rate of transition.
In this study, we obtain the formulas for the calculation of matrix elements of electric multipole operators between states with different deformations. The formulation is based on the expression of the BCS vacua in the Thouless form (see, e.g., Ref.
3)). We extend the formula to the matrix elements of multipole matrix elements between many-quasiparticle states with deformed and spherical bases. We then apply the formulas to calculate electric quadrupole transitions from HSIs to neighboring states. The results are compared with experimental data in 147 Gd. Although some results were already shown in Ref. 1), here we perform a detailed study including the effect of change in deformation.
This paper is organized as follows. Section 2 is devoted to the formulation of electromagnetic transitions in deformed nuclei in different shapes. We apply these formulas to the calculation of electric quadrupole strength from 49 2 + isomer in 147 Gd in §3. Discussion on spherical and oblate configuration mixing is presented in §4. Summary and conclusions are given in §5. Detailed mathematical formulas of Nilsson+BCS model are derived in the Appendix. §2. Formulas for electromagnetic transitions
Matrix elements in the intrinsic frame
We calculate the matrix element of the electric transition with multipolarity λ:
in the intrinsic frame, where and are nuclear potential deformation parameters, while K and K are angular-momentum projections to the third axis of the intrinsic frame. The electric multipole (Eλ) transition operator is written as
where
where c † nljm and c nljm are particle creation and annihilation operators of the singleparticle state of node n, orbital angular momentum l, spin j, and projection m.
The states |K and |K are written as the direct products of neutron and proton states:
The neutron and proton states are assumed to have definite quasiparticle numbers: 
where u λμ ( ) and v λμ ( ) = 1 − u λμ ( ) 2 are BCS unoccupation and occupation amplitudes, respectively. The operators of the real particle in the Nilsson state can be expanded by spherical basis as
The amplitudes d μ λa with a = nlj are obtained by the diagonalization of the Nilsson Hamiltonian.
The total matrix element of (2 . 2) becomes
The matrix elements between multi-quasiparticle states with different deformations are given in the Appendix.
B(Eλ) in the laboratory frame
The reduced matrix element between the states with the angular momenta I and I in the laboratory frame is calculated as 5)
where |K is the time-reversed state defined as
When K + K > λ as is the case in the present study, |K has no contribution to (2 . 11). Thus, we have
The above formalism can also be used for magnetic multipole transitions. 6) §3.
Comparison with experiments
Let us now discuss the experimental results of N = 83 isotopes. Figure 1 2 ) = 0.0188 ± 0.0008 ≈ 1.9 × 10 −2 in Weisskopf unit. 7) In the DIPM, the initial state with I = 49 2 + is interpreted as a stretched fivequasiparticle state with a large oblate deformation β = −0.20:
where the label l j denotes the single-particle state at the spherical limit. The final state (I = 45 2 + ), on the other hand, is assigned as a five-quasiparticle state with a spherical core:
The matrix element of M(E2) between the two states, however, vanishes because there is no transition matrix element connected by a one-body operator. To obtain finite transition matrix, an oblate state with I = To evaluate the transition matrix element quantitatively, we perform the Nilsson+BCS calculation in the model space with the principal oscillator quantum numbers N = 5-6 (N = 4-5) for neutron (proton). The potential deformation parameter is defined as 4) We have seen that the mixture of a deformed state in Eq. (3 . 3) can explain the large B(E2) value observed experimentally in 147 Gd. To be consistent with the DIPM analysis, the deformation of the mixed component must be largely oblate (β ∼ −0.2). Otherwise, the mixed amplitude would be too large.
As the the final state mixture, from the argument of DIPM, we have taken There is another non-stretched state:
which may have a large matrix element, because the structure is the same as the initial state in the spherical limit. This state (4 . 2) is located about 1.3 MeV above the yrast state. Therefore, the mixing amplitude is expected to be smaller from the denominator of the perturbation theory alone. with M = fg † . We define the following matrices for later calculations:
(A . 7)
In the following formulas including Eqs. . Otherwise, additional terms arising from commutation relations need to be taken into account.
